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Introduction {#sec1}
============

Undoubtedly, chemical structure determines reactivity. In addition, understanding how to activate substrate molecules benignly is fundamental in bioorganic chemistry, organic chemistry, and catalysis ([@bib22], [@bib21], [@bib3]). Electrophilic aromatic substitution reaction (S~E~Ar) is perhaps the most widely used reaction for aromatic C-H functionalization but often suffers from the production of mixture of positional isomers ([Figure 1](#fig1){ref-type="fig"}A) ([@bib27]). With catalysts and the directing group (DG), *ortho*-selective substitution is feasible via activation of the *ortho* C-H bond or by bringing the electrophile within close proximity of the *ortho* carbon ([Figure 1](#fig1){ref-type="fig"}B) ([@bib32], [@bib10], [@bib30], [@bib31], [@bib25], [@bib26], [@bib5], [@bib33]). Accordingly, the chelation- or hydrogen bonding-assisted strategies have been successfully applied. However, these reactions require either high loading of transition metal catalysts or installation of specific directing groups, which till now precludes the general and practical application in organic synthesis and catalysis. Thus, no general strategy currently exists for highly *ortho*-selective C-H functionalization, especially considering the unbeneficial steric hindrance.Figure 1Selective C-H Functionalization(A) Active site analysis of anilines in S~E~Ar reactions.(B) Catalytic *ortho*-halogenations involving C-H activation.(C) This work: Fe(RSO~3~)~3~-catalyzed *ortho*-halogenation via proton shift process.(D) Bio-active compounds and drug intermediate requiring *ortho*-substitution.

Herein, we describe the use of proton transfer assisted by iron(III) sulfonates under heating conditions as the general and convenient approach to *ortho*-halogenation of aromatic amines and phenols. Proton transfer occurs ubiquitously as the basic step in many biological and chemical transformations ([@bib18], [@bib17]). Moreover, proton transfer/shift commonly features in aromatic compounds such as phenols or aromatic amines ([@bib2], [@bib7]). Specifically, proton transfer/shift is more often recognized as a kind of isomerization useful in organic synthesis. As a basic step, the influence of proton transfer (formal proton shift) in aromatic substitution reactions has never been carefully investigated. In this work, proton transfer as a powerful strategy is developed to be involved into determining selectivity, accelerating aromatic substitution reactions, and generating active intermediates favorable for *ortho*-halogenation of aryl amines and phenols ([Figure 1](#fig1){ref-type="fig"}C). This finding is notable providing a straightforward method to access valuable natural products and drug intermediates ([Figure 1](#fig1){ref-type="fig"}D). The application of this method is demonstrated by the convenient synthesis of tizanidine with up to 97% *ortho*-selectivity and scale-up to 100-g scale. This catalytic process involving proton shift/isomerization is backed by theoretical and NMR studies and showcased the utility of Lewis acid altering the aromatic ring electronics and promoting *ortho*-halogenation.

Results and Discussion {#sec2}
======================

We take S~E~Ar reactions of N-H anilines as the model to explore the synthetic value of proton transfer strategy. It is well known that the advanced mechanism in chemistry textbooks involves the electrophilic attack and formation of a resonance-stabilized carbocation, and formation of the arenium ion is considered as the rate-determining step followed by deprotonation to restore aromaticity ([Figure 2](#fig2){ref-type="fig"}A). On the other hand, in the presence of Lewis acid or under heating conditions, partial dearomatization reactions might happen, including 1,3- or 1,5-proton shift via enamine isomerization procedures (*prototropic equilibria of anilines*) ([@bib16]). Consequently, is it possible that higher electron density for *para* (species **I**) or *ortho* (species **II**) position could be achieved following such kind of isomerization? Is it possible to achieve higher reactivity for aromatic substitution under acidic conditions (e.g., Lewis acid)? Theoretically, the deprotonated anionic species **III** should be more nucleophilic compared with the neutral anilines. In contrary to the established notion of organic chemistry, this means in the presence of LA, more active species might be formed. Critically, proton shift in NH anilines needs to be first investigated.Figure 2Analysis of the Positional Selectivity: Electron Resonance versus Proton Shift

Deuteration is an exchange reaction of proton with deuterium and is a straightforward method to test proton shift/transfer reactions. Initially, the deuteration reactions of N-Me aniline were carried out in the mixture of SOCl~2~/D~2~O or Fe(OTs)~3~/D~2~O, which are useful methods to generate D^+^ *in situ*. To our delight, for both reactions *ortho*- and *para*-deuterations were observed (40%--66% D ratios), which is consistent with electrophilic aromatic substitution-type reactivity for *ortho*- and *para*-sites ([Scheme 1](#sch1){ref-type="fig"}). When SOCl~2~ or Fe(OTs)~3~ was absent, no C-H deuteration was observed. Then, when N,N-dimethyl aniline is used, lower deuteration ratios (17%--33%) were obtained. This implies that the presence of N-H proton is involved for the promotion of H/D exchange process (reactions A/B versus C/D). Considering that N-H/D shift should occur rapidly, it is highly possible that deuteration could be promoted due to the proton transfer of N-D to the aryl ring. To prove this assumption, N-D-N-Me aniline (ca. 72% D by ^1^H NMR) was prepared and treated under heating conditions in the presence of Fe(OTs)~3~. *Ortho*-deuteration was observed (15% D), with trace of D-labeling at the *para*-position. Hence, we can make the claim that, in the presence of acids, proton shift could occur selectively between the N-H and C-H at *ortho*/*para*-positions.Scheme 1Deuteration of Methyl Aniline Likely Promoted by N-H Proton ShiftOTs, tosylate.

At elevated temperature, quantitative D-labeling at *ortho*- and *para*-position was achieved for 2-phenyl aniline ([Scheme 1](#sch1){ref-type="fig"}F). Nevertheless, catalytic amounts of Lewis acid Fe(OTs)~3~ (5 mol%) in D~2~O could be used for the preparation of anilines with moderate D ratios at *ortho*- and *para*-positions. This is the first time such kind of Fe-promoted deuteration of sp^2^C-H bond is noticed, which might be useful for the synthesis of deuterated drugs. In fact, such kind of proton shift in anilines is observed in gas phase chromotography studies ([@bib20]), even though it is not well explored for the purpose of organic synthesis, such as deuteration or halogenation of sp^2^C-H bonds.

Halogenation is a type of important reaction in electrophilic aromatic substitutions (S~E~Ar) for preparation of aryl halides ([@bib11], [@bib1]). Specifically, S~E~Ar reactions of anilines/phenols are usually described in textbooks through resonance formalism to explain regioselectivity control, which leads to mixture of *ortho-* and *para*-substituted products. Notably, we were taught to avoid the use of Lewis acids in S~E~Ar reaction for anilines due to LA-nitrogen interaction lowering the electron density on the aromatic ring. It was curious to see if the presence of LA could promote the S~E~Ar halogenation of aromatic amines/phenols. For this purpose, carbazole was chosen as the model substrate, since it has *C2*-symmetry with a 1:1 ratio of *ortho*:*para* carbon sites, acquiescent to positional selectivity studies. Specifically, we investigated the bromination of carbazole with N-bromosuccinimide (NBS) as the convenient and stable electrophilic bromide source. The reaction favored *para*-bromination without catalyst either at room temperature or 90°C (*o*/*p* = 3/97, 23/77; [Table 1](#tbl1){ref-type="table"}, entries 1, 3). Screening of various transition metal catalysts revealed that the use of palladium(II) or iron(III) triflates resulted in the formation of *ortho*-brominated isomer as the major product ([Table S1](#mmc1){ref-type="supplementary-material"}, entries 2--6). Here, it is noteworthy to mention that other Lewis acids such as CuCl~2~ and FeCl~3~ have been applied for selective *para*-halogenation of anilines ([@bib29], [@bib14], [@bib19]). Among the solvents screened, the use of nonpolar solvent is beneficial and the highest *o*/*p* ratio of 97/3 was obtained in benzene in the presence of 2 mol% of Fe(OTf)~3~ (90% yield; [Table 1](#tbl1){ref-type="table"}, entry 4). Heating the reaction (\>60°C) in the presence of Fe(OTf)~3~ is necessary for *ortho*-selectivity, whereas *para*-bromination occurred at room temperature (*o*/*p* = 3/97; [Table 1](#tbl1){ref-type="table"}, entry 2). Notably, in the presence of 2 mol% of Fe(OTf)~3~, the expected acceleration effect was observed and quantitative yield of *ortho* product was obtained in 45 s, which is much higher in the absence of catalyst (99% versus 42% yields; [Table 1](#tbl1){ref-type="table"}, entries 3 versus 4). Scaling up to 50 g of carbazole is also successful, with the efficiency retained (see the [Supplemental Information](#appsec1){ref-type="fn"}). Such kind of promotion effect using Fe(III)-Lewis acid is striking and contrary to the description in chemistry textbook where the use of Lewis acid is claimed unsuitable for S~E~Ar reactions of anilines. Overall, the use of LA not only accelerated halogenation of aniline but also led to high *ortho*-selectivity control when using appropriate sulfonate anion of iron salts.Table 1Fe(III)-Catalyzed Selective Bromination of Carbazole![](fx2.gif)EntryT (°C)x (mol%)t (s)Conv. (1a, %)2a/3a[a](#tblfn1){ref-type="table-fn"}125--300183/972252300155/95390--454223/774902459997/3[^3][^4]

The attempt of bromination reaction of *N*-methylaniline using NBS in the absence of Fe(OTs)~3~ catalyst afforded poor selectivity (*o*/*m*/*p* = 32/23/45) at 90°C. In contrast, when using catalyst Fe(OTs)~3~, *ortho*-bromination was favored giving *o/p* as 66:34 with the *meta*-product not detected. Moreover, we considered that sulfonate anion has an effect in directing the *ortho* preference. Here, the sulfonates might be crucial for activation of the *ortho* positions. Specifically, the LA-assisted 1,n-shift of proton might make the *ortho*-position more nucleophilic leading to higher reactivity and *ortho*-selectivity. Accordingly, a plausible reaction mechanism for *ortho*-halogenation of N-H aryl amines is proposed ([Figure 3](#fig3){ref-type="fig"}). From the experimental results, it is apparent that heating is required for Fe(OTf)~3~ to promote *ortho*-bromination to occur. This suggests that there is an energy barrier to overcome, which might correspond to isomerization of aryl amines. Formal 1,5-H shift via Fe-sulfonate promoted proton transfer might lead to species **II**, which is responsible for *ortho*-substitution. In fact, formal 1,n-H shift of N-H aniline derivatives is known and used to generate new resonance species for addition reaction ([@bib2]). However, to the best of our knowledge, this strategy has never been applied for S~E~Ar reactions.Figure 3Proposed Mechanism for *Ortho*-Bromination Using Fe(OTs)~3~ and NBS

To rationalize such proposal and understand the origin of the regioselectivity, we used 1,8-di-deuterated carbazole with carbazole in competing reactions for kinetic isotope effect (KIE) study. The results gave an intermolecular KIE value of 1.0 implying that C-H bond cleavage is not involved in the rate-determining step ([Scheme 2](#sch2){ref-type="fig"}). This result suggests that a mechanism similar to the classic S~E~Ar is involved. Control experiments using N-chlorocarbazole revealed that intermolecular halogenation is involved rather than intramolecular halogen migration, which is also consistent with S~E~Ar mechanism (see the [Supplemental Information](#appsec1){ref-type="fn"}).Scheme 2KIE Study

With respect to regioselectivity control using iron sulfonates, experiments showed that the presence of N-H in substrates is crucial for *ortho*-selectivity. Specifically, when N-methylcarbazole is used as substrate, *para*-selectivity was obtained under the optimal conditions (*o*/*p* = 5/95; see the [Supplemental Information](#appsec1){ref-type="fn"}). Furthermore, the system was investigated by UV-vis and NMR spectroscopy. Monitoring the reaction under optimized conditions by UV-vis gave rise to a new signal, which corresponds to the distorted carbazole with lower planar aromaticity. In the ^1^H NMR experiments, the interaction of NBS with carbazole caused the N-H signal to shift downfield by 0.2 ppm, which corresponds to hydrogen bonding interactions. In addition, the experiments using Al(OTf)~3~ and NBS showed interaction to affect the methylene protons of NBS. For *metal*-carbazole interaction, a downfield shift of the N-H signal in ^1^H NMR spectrum was only observed under heating conditions (\>60°C), suggesting metal-N coordination (see the [Supplemental Information](#appsec1){ref-type="fn"}).

Furthermore, DFT calculations were used to understand the plausibility of 1,3 and 1,5-H shift of carbazole and the reason behind the acceleration of the reaction rate with Fe(III) Lewis acids. In the proposed species **II** formed via 1,5-H shift, the *para*-position exists as methylene group and the favored selectivity to *ortho*-bromination might be attributed partially to the suppression of *para*-substitution reaction due to such kind of *para*-site blocking by proton. In DFT calculations, carbazole was chosen as substrate owing to the observed superior *ortho*-selectivity, whereas Fe(OMe)~3~ was chosen as catalyst instead of Fe(OTs)~3~ for computational efficiency. As shown in the potential energy surface (PES) of [Figure 4](#fig4){ref-type="fig"}, two carbazole molecules gather at the Fe(III) metal center by Fe-N coordination interaction (Fe-N bond distances are 2.24 and 2.41 Å) and hydrogen bonding between pyrrole NH group and OMe- group of sulfonate. As noticed during the reaction, the coordination of CZ to Fe(OMe)~3~ would change the metal center d-d transition and thus change the color of solution. Besides, under heating conditions with the distortion of carbazole planar structure, the lone pair electrons of N atom is partially localized allowing for Fe(III)-N coordination ([@bib8]).Figure 4PES of Fe(OMe)~3~-Catalyzed Intermolecular Proton Transfer Reaction between Two CarbazolesFe, S, O, N, C, H (except pyrrole proton) are colored, respectively, by cyan, yellow, red, blue, gray, and white. The pyrrole proton is highlighted in green. Main distances are labeled including Fe-N bond and hydrogen bond in IS and MS states as well as the involved breaking/forming bond in TS. PES, potential energy surface.

Such combination process is exothermic with estimated interaction energy, around −16.0 kcal/mol. Then, the upper carbazole (CZ1) easily devotes the N-H proton to the *para*-position of the lower carbazole (CZ2) via **TS1** by overcoming a barrier, around 27.6 kcal/mol. To conquer such a barrier a temperature of nearly 400 K is necessary, which is in line with the experimental conditions. A protonated 6H-CZ2 in **MS1** is produced and would preferentially be brominated at the *ortho*-position by NBS subsequently. For comparison, the reaction profile for pyrrole proton transfer from CZ1 to the *ortho*-site of CZ2 was also shown in [Figure 4](#fig4){ref-type="fig"} (path via **TS2**). From **TS2** plot, CZ1 would transfer its pyrrole proton to the α-C (or α′-C) of CZ2 after the N-H bond of CZ2 breaks. The produced **MS2** is thermodynamically unstable and would favorably evolve into **MS3** in which a protonated 1H-CZ2 is formed. The rate-determining step of this process needs a very high energy barrier, around 49.5 kcal/mol. The calculated results indicate that the *para*-site of CZ2 would be favorably protonated by intermolecular proton transfer reaction via **TS1** in the presence of Fe(OMe)~3~ and leave the *ortho*-site for subsequent bromination by NBS. All these combined interactions support the observed high *ortho*-bromination selectivity. The natural populations analyses on the deprotonated CZ1 coordinated to Fe(III) in both **MS1** and **MS3** shows that the *ortho*-site is more negative than the *para*-site. This is beneficial to the subsequent bromination at the *ortho*-position by NBS. Specifically, the deprotonation at *para*-position will render the aryl ring anionic and thus allow for accelerated electrophilic attack of Br/Cl atoms at the *ortho*-position.

Meanwhile, we believe that few weak interactions are involved including N-H...O=C hydrogen bonding and X...O=S halogen bonding ([@bib6], [@bib4]) accompanied with metal...C=O interaction to make the halogen source close to the *ortho*-position. These cumulative effects with proton-transfer isomerization accelerate the reaction at the *ortho*-position significantly (45 s, 97% yield; [Table 1](#tbl1){ref-type="table"}, entry 4).

Halogenated anilines are important synthetic intermediates. For the chlorination of *N*-Me-aniline using different transition metal salts, iron sulfonates were found suitable catalyst. Specifically, when Fe(OTs)~3~ (5 mol%) was used as the catalyst in the presence of chlorination reagent tri-chloroisocyanuric acid (**5**, 0.35 equiv.), high *ortho*-selectivity (*o*/*p* = 90/10) was obtained for the desired 2-chloro-*N*-methylaniline **6a** (78% yield; [Scheme 3](#sch3){ref-type="fig"}). In the absence of catalyst, bromination of *N*-methylaniline using NBS afforded no selectivity (*o*/*m*/*p* = 32/23/45) at 90°C. When using Fe(OTs)~3~, *ortho*-bromination became the major pathway giving *o*/*p* as 66:34 with *meta*-product not detected. Under similar conditions, good to excellent *ortho*-selectivities were achieved for the substrates studied and the corresponding mono-chlorinated products were obtained in good to excellent yields (**6b**-**m**; 58%--90%). Unprecedented high regioselectivity (97%) was observed for the production of halogenated diaryl amine **6i** with 90% isolated yield. Notably, the reaction of aniline proceeded smoothly giving *o*-chloroaniline in 58% isolated yield.Scheme 3Fe(OTs)~3~-Catalyzed *ortho*-Chlorination of Anilines^*a*^Reaction conditions: **4** (0.20 mmol), **5** (0.07 mmol), Fe(OTs)~3~ (5 mol%), toluene (4 mL), 90 °C, 12--24 h; isolated yields.

Carbazoles are important molecules with their structural motif featuring in many bioactive and optically relevant compounds, and recently their selective catalytic transformation has attracted significant interests ([@bib12], [@bib13], [@bib28], [@bib23], [@bib9]). *To further elucidate the synthetic utility of such proton-transfer substitution strategy*, we examined the substrate scope of aromatic amines to synthesize different *ortho*-halogenated carbazole derivatives. The method is found to be suitable for bromination of a wide range of carbazoles with good to excellent yields obtained for *ortho*-brominated products (58%--83% isolated yields; [Scheme 4](#sch4){ref-type="fig"}). Interestingly, the bromination of 2-substituted carbazoles occurs on the more steric C-1 position with the corresponding products obtained in 68%--83% yields (**2g**, **2i**, **2k**). Moreover, epoxide groups can also be tolerated and the reaction of 4-(oxiran-2-ylmethoxy)-9*H*-carbazole provided product **2ac** in 66% yield. Notably, the N-H directing effect was observed for the reaction of benzofuran contained substrate **1ae**, and the desired mono-bromination product **2ae** was obtained in 65% yield, in sharp contrast to the reaction of **1ae** without catalyst producing complicated mixture of different halogenated products. Carprofen esters were smoothly transformed to the *ortho*-brominated esters in 75% and 74% yields, respectively (**2af**, **2ag**). Meanwhile, with the success in bromination reactions, we progressed to investigate the chlorination of carbazoles using N-chlorosuccinimide (NCS). In general, similar results were obtained compared with the bromination reactions ([Scheme 4](#sch4){ref-type="fig"}). All used carbazole substrates were successfully *ortho*-chlorinated, for example, the reaction of 1-phenyl-9*H*-carbazole provided 1-chloro-8-phenylcarbazole product **2f** in 67% yield.Scheme 4Fe(OTf)~3~-Catalyzed *ortho*-Halogenation of Carbazoles^*a*^Reaction conditions: **1** (0.20 mmol), NBS (1.1 equiv.), Fe(OTf)~3~ (2 mol%), toluene (10 mL), 1--6 h in the absence of light, 90 °C; isolated yields. ^b^Reaction conditions: **1** (0.20 mmol), NCS (1.1 equiv.), Fe(OTf)~3~ (10 mol%), toluene (10 mL), in dark, 110 °C; isolated yields.

To further demonstrate the application potential of this methodology, we choose to investigate total synthesis of natural products bearing carbazole moiety. First, we tested the versatile transformation of brominated carbazole **2a**, and the corresponding 1-substituted products bearing -NH~2~, -CHO, -OMe, and -Ph were conveniently obtained in good yields (**7--10**, 65%--91%; [Scheme 5](#sch5){ref-type="fig"}).Scheme 5Selective *ortho*-Functionalization of Anilines^*a*^Reaction conditions: **2a** (0.5 mmol). (i) Phenylboronic acid (1.1 eq), K~2~CO~3~ (4 equiv.), PdCl~2~(PPh~3~)~2~ (5 mol%), toluene/H~2~O/EtOH, 95 °C, 16 h. (ii) NaH, *n*BuLi, -78 °C, DMF. (iii) CuBr (2 equiv.), sodium methanolate (20 equiv.), DMF/MeOH, 120 °C, 3 h. (iv) CuI (0.2 equiv.), aqueous ammonia (5 equiv.), 2-carboxylic acid-quinoline-N-oxide (0.4 equiv.), K~2~CO~3~, DMSO, 80 °C, 24 h.

Then, we applied this method for the synthesis of carbazole-type alkaloids, for which traditional methods suffer from complicated and/or inefficient multi-step procedures ([Scheme 6](#sch6){ref-type="fig"}). For example, starting from 1-bromo-6-methylcarbazole (**2l**), Clausenal was synthesized in 39% total yield in three steps: Fe-catalyzed *ortho*-bromination to **11**; Cu-catalyzed methoxylation to **12**, and oxidation by 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to Clausenal ([Scheme 6](#sch6){ref-type="fig"}A). This is in contrast to a recent report using iridium-based procedure for the synthesis of Clausenal through five steps with the total yield as 3% ([@bib15]).Scheme 6Synthesis of Bio-active Natural Compounds

Meanwhile, total synthesis of natural product 1,8-dimethoxy-4-formylcarbazole **15** from carbazole **1a** was achieved in four steps with 33% total yield. Specifically, selective *ortho*-bromination of carbazole gave 1,8-dibromocarbazole **2c** in 64% yield ([Scheme 6](#sch6){ref-type="fig"}B). After methoxylation, 1,8-dimethoxycarbazole **13** was obtained in 82% yield. Bromination-formylation sequence gave the final product **15**. Meanwhile, Mukolidine was synthesized in three steps from 3-methylcarbazole **2l** in 52% total yield via 100-g scale Fe-catalyzed bromination reaction ([Scheme 6](#sch6){ref-type="fig"}C) ([@bib24]). Moreover, the method was also applied for the synthesis of tizanidine intermediate **6n** giving the product in 73% yield with an *o*/*p* ratio of 95:5 ([Scheme 6](#sch6){ref-type="fig"}D) ([@bib34]).

At last, the *ortho*-chorination of phenols was also tested using this new methodology. To our delight, it is found that almost complete *ortho*-selectivity was achieved for phenol under optimal conditions (96:4 *ortho*/*para* ratio, 85% yield). In sharp contrast, without catalyst complicated products with oxidation side products were obtained. Hence, the substrate scope of phenols was investigated under the same conditions. All the substrates, including *ortho*-MeO phenol gave the desired products in good to excellent selectivity (64%--92% yields; [Scheme 7](#sch7){ref-type="fig"}).Scheme 7Fe(OTf)~3~-Catalyzed *ortho*-Bromination of Phenols^*a*^Reaction conditions: **1** (0.50 mmol), NBS (1.1 equiv.), Fe(OTf)~3~ (5 mol%), toluene (10 mL), 90 °C; GC yields.

Conclusions {#sec2.1}
-----------

In conclusion, we have revisited aromatic substitution of anilines and discovered proton shift process catalyzed by iron sulfonate catalysts favoring *ortho* substitution. We have developed a general site-selective deuteration and halogenation of aryl amines. Various non-N-protected anilines and carbazole-type heteroaryls were directly transformed to halogenated products in good to excellent selectivities and yields (\>40 examples; 58%--90% yields). The practical application is demonstrated on 100-g scale reaction and convenient synthesis of alkaloids, and tizanidine intermediates. *Ortho*-halogenation of phenols was also achieved. Overall, this method is complementary to the traditional S~E~Ar limited to *para*-halogenations. Mechanistic studies suggest that the *ortho*-regioselectivity promotion is likely controlled by 1,n-proton shift via Fe-N coordination. This strategy involving 1,n-proton shift in the presence of Lewis acids would serve the basis for other types of selective C-H functionalizations.

Limitations of the Study {#sec2.2}
------------------------

This study systematically exploited proton shift process catalyzed by iron sulfonate catalysts for selective ortho substitutions. The methodology has wide range of substrates applicability, although this report is proof of concept for *ortho*-halogenations of aryl amines and phenols. Further studies are needed to apply 1,n-proton shift strategy in the presence of Lewis acids for other types of reactions.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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Document S1. Transparent Methods and Figures S1--S116, Tables S1--S4, and Schemes S1--S3
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